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Table 13. Effect of inhibitors on Intracellular NHase (immobilized and non-
immobilized) Rhodococcus sp. DAP 96253 NHase. 
 

 

Inhibitors 

Free cells 
with 

inhibitor 

Free cells 
after 

inhibition 

Hardened 
calcium 
alginate 

with 
inhibitor 

Hardened 
calcium 
alginate 

after 
inhibiton 

Glutaraldehyde 
with inhibitor 

Glutaraldehyde 
after inhibiton 

ZnCl2 2.25  2.97  34.91 51.62 62.22 79.28 
MgCl2 1.93  15.56  43.42 61.59 70.63 86.56 

Ammonium 
Persulfate 25.29  27.38  66.72 77.52 90.15 92.28 

EDTA 2.50  4.68 26.38 43.38 56.08 72.20 
AgNO3 3.22  5.44 35.22 54.61 41.14 56.30 
H2O2 1.48  4.65 26.10 58.16 50.15 62.20 

Mercaptoethanol 0.06  6.17 0.00 8.39 0.00 11.67 
Iodoacetamide 1.07  5.65 9.14 22.02 69.97 85.67 

DTT 2.56  9.65 0.00 8.63 0.00 10.51 
Sodium Azide 19.50  31.90 18.24 52.23 40.90 51.17 

FeSO4 2.12  11.91 26.77 42.19 61.15 69.35 
CuSO4 1.22  5.20 21.41 34.40 80.05 88.21 
CoCl2 1.94  3.09 25.44 58.96 73.07 80.65 
EGTA 5.68  7.32 39.35 68.57 84.97 92.08 
Initial 
NHase 

100.00 
 

100.00 
 

100.00 
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Purification of NHase and AMDase from Rhodococccus sp. DAP 96253: 

Rhodococcus sp. DAP 96253 grown on YEMEA media, and induced with cobalt, 

urea and Asn for enhanced NHase (168 U/mg cdw NHase, 14 U/mg cdw AMDase) were 

used as the source for the isolation and purification of NHase and AMDase.  The NHase 

and AMDase activity of the fractions used in each step as compared to that of the initial 

sample is summarized in Tables 14a and 14b.  PAGE of the cell lysate, the dialyzed 

sample and the various fractions with highest activity after each chromatography step is 

shown in Figures 30-33.  Consecutive reduction in number of proteins is visual 

confirmation of purification.  In each lane 5 µg of protein is loaded, and increase in band 

sizes indicate presence of that protein in a higher amount in latter steps of purification 

process.  The proteins from the gels were excised and identified with mass spectrometry.  

Similarity in sequence data of alpha and beta subunits of NHase and AMDase to that 

from the protein database is represented in Figures 36-38.  Sequence data obtained (see 

Table 15) from mass spectrometry studies shows that the β-subunit of NHase from DAP 

96253 has highest similarity with the same of Nocardia sp. JBR, while the α-subunit is 

closest to that from R. rhodochrous in amino acid composition.   
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Table 14a. NHase (AN specific) and AMDase (AMD specific) activity from cells of 
Rhodococcus sp. DAP 96253. Activity represented as Units/100µl sample volume. 
 
 
 

 NHase AMDase 

Whole cells 168 (U/mg cdw) 14 (U/mg cdw) 

Cell lysate 14 2 

Dialyzed lysate 6.5 1.0 

   

 

Table 14b. Summary of purification of NHase and AMDase from Rhodococcus sp. 
DAP 96253 cells. 
 
 
 

 NHase 
(U/mg 
protein) 

Purification 
compared to 
initial (fold) 

Amidase 
(U/mg 
protein) 

Purification 
compared to 
initial (fold) 

First anion 
exchange 

56.4 8.7 10.6 10.6 

Second 
anion 
exchange 

193 28 24 24 

Gel 
filtration 

388 60 58 58 

Total 
Purification 

14,616 14,755 
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Figure 30. PAGE of cell lysate and dialyzed (10000 mwco) protein samples from 
Rhodococcus cells grown on YEMEA medium.  The medium either was uninduced for 
NHase production, or was supplemented with cobalt and urea, and in the third set with 
cobalt, urea and AN (500 ppm). 
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Figure 31. PAGE of fractions with highest AN and AMD specific activity collected 
after first anion exchange chromatography. 
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Figure 32. PAGE of fractions with highest AN and AMD specific activities collected 
after second anion exchange chromatography. 
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Figure 33. PAGE of fractions showing highest NHase and AMDase activity collected 
after gel filtration chromatography. 
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Table 15. Overview of mass spectroscopy identification of the proteins isolated.  
Only protein C I % score of above 94% were tabulated. 
 

 Protein 
score 

C. I.% 

ID Accession 
# 

MW 
(Da) 

1 100 Nitrile hydratase [Rhodococcus sp.]  806580  26276.9 
2 100 Nitrile hydratase beta subunit [Nocardia sp. JBRs] 27261874  26258.9 
3 100 Nitrile hydratase [Rhodococcus rhodochrous] 49058  26305  
4 100 Nitrile hydratase beta chain [uncultured bacterium 

BD2] 
27657379  19344.4 

     
5 100 Nitrile hydratase [Rhodococcus rhodochrous]  581528 22820.3 
6 100 Nitrile hydratase alpha chain [uncultured bacterium 

SP1]  
27657369 20309.1 

7 100 Nitrile hydratase [Rhodococcus sp.]  806581 22776.3 
     
8 100 Aliphatic amidase [Rhodococcus rhodochrous]  62461692 38026.4 
9 100 Putative aliphatic amidase [Nocardia farcinica IFM 

10152] 
54022723 38158.5 

10 99.6 ALIPHATIC AMIDASE [Helicobacter pylori J99] 15611349 37688.7 
11 98.3 Aliphatic amidase [Pseudomonas aeruginosa PAO1]  15598562 38469.7 
12 97.7 Aliphatic amidase (aimE) [Helicobacter pylori 26695]  2313392 37688.7 
13 94 Aliphatic amidase [Pseudomonas aeruginosa] 150980 38481.7 
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Nitrile hydratase from Rhodococcus sp. (Accession# 806580) 
1   mdgihdtggm tgygpvpyqk depffhyewe grtlsiltwm hlkgmswwdk srffresmgn 
61  enyvneirns yythwlsaae rilvadkiit eeerkhrvqe ilegrytdrn psrkfdpaei 
121 ekaierlhep hslalpgaep sfslgdkvkv knmnplghtr cpkyvrnkig eivtshgcqi 
181 ypesssaglg ddprplytva fsaqelwgdd gngkdvvcvd lwepylisa 
 
 

Nitrile hydratase beta subunit from Nocardia sp. JBRs (Accession# 27261874) 
1   mdgihdtggm tgygpvpyqk depffhyewe grtlsiltwm hlkgiswwdk srffresmgn 
61  enyvneirns yythwlsaae rilvadkiit eeerkhrvqe ilegrytdrn psrkfdpaei 
121 ekaierlhep hslalpgaep sfslgdkvkv knmnplghtr cpkyvrnkig eivtshgcqi 
181 ypesssaglg ddprplytva fsaqelwgdd gngkdvvcvd lwepylisa 
 
  
 Nitrile hydratase from Rhodococcus rhodochrous (Accession# 49058) 
1   mdgihdtggm tgygpvpyqk depffhyewe grtlsiltwm hlkgiswwdk srffresmgn 
61  enyvneirns yythwlsaae rilvadkiit eeerkhrvqe ilegrytdrk psrkfdpaqi  
121 ekaierlhep hslalpgaep sfslgdkikv ksmnplghtr cpkyvrnkig eivayhgcqi 
181 ypesssaglg ddprplytva fsaqelwgdd gngkdvvcvd lwepylisa 
  
Nitrile hydratase beta subunit from uncultured bacterium BD2 (Accession# 
27657379) 
1   mdgihdtggm tgygpvpyqk depffhyewe grtlsiltwm hlkgiswwdk srffresmgn 
61  enyvdeirns yythwlsaae rilvadkiit eeerkhrvqe ilegrytdrk psrkfdpaqi 
121 ekaierlhep hslalpgaep sfslgdknqs eeyepagtht vpeica 
 
 

 

Figure 34. Alignment of mass spectromerty data sequence of ß subunit of NHase 
from Rhodococcus sp. DAP 96253 with that of other organisms from the database. 
Green letters represent fraction sequence obtained from mass spectrometry data.   
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Nitrile hydratase from Rhodococcus sp. (Accession# 806581) 
1   msehvnkyte yeartkaiet llyerglitp aavdrvvsyy eneigpmgga kvvakswvdp 
61  eyrkwleeda taamaslgya geqahqisav fndsqthhvv vctlcscypw pvlglppawy 
121 ksmeyrsrvv adprgvlkrd fgfdipdeve vrvwdsssei ryiviperpa gtdgwsedel 
181 aklvsrdsmi gvsnaltpqe viv 
  
Nitrile hydratase alpha chain from Rhodococcus rhodochrous (Accession# 581528) 
1   msehvnkyte yeartkaiet llyerglitp aavdrvvsyy eneigpmgga kvvakswvdp 
61  eyrkwleeda taamaslgya geqahqisav fndsqthhvv vctlcscypw pvlglppawy  
121 ksmeyrsrvv adprgvlkrd fgfdipdeve vrvwdsssei ryiviperpa gtdgwseeel 
181 tklvsrdsmi gvsnaltpqe viv 
   
Nitrile hydratase alpha chain from uncultured bacterium SP1 (Accession# 
27657369) 
     
1   msehvnkyte yeartkavet llyerglitp aavdrvvsyy eneigpmgga kvvakswvdp 
61  eyrkwleeda taamaslgya geqahhvvvc tlcscypwpv lglppawyks meyrsrvvad 
121 prgvlkrdfg fdipdevevr vwdssseiry iviperpagt dgwseeeltk lvsrdsiigv 
 
 

 

Figure 35. Alignment of mass spectrometry data sequence of α subunit of NHase 
from Rhodococcus sp. DAP 96253 with that of other organisms from the database. 
Green letters represent fraction sequence obtained from mass spectrometry data.   
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Aliphatic amidase from Rhodococcus rhodochrous (Accession# 62461692) 
1   mrhgdisssp dtvgvavvny kmprlhtkad vlenaraiak mvvgmkaglp gmdlvvfpey 
61  stmgimydnd emyataatip gdetdifaqa crdaktwgvf sitgerhedh pnkppyntlv 
121 lindqgeivq kyrkilpwtp iegwypggqt yvtdgpkglk isliicddgn ypeiwrdcam 
181 kgaelivrpq gymypskeqq vlmakamawa nncyvavana tgfdgvysyf ghsaiigfdg 
241 rtlgecgeed ygvqyaqlsl stirdarand qsqnhlfkll hrgytgvfag gdgdkgvadc 
301 pfdfyrnwvn daeatqkave aitretigva dcpvydlpse ktmda 
Aliphatic amidase from Nocardia farcinica IFM 10152 (Accession# 54022723) 
1   mrhgdisssp dtvgvavvny kmprlhtkae vldncrriad mlvgmksglp gmdlvvfpey 
61  stqgimydeq emydtaatvp geetaifsaa creagvwgvf sitgeqhedh prkppyntlv 
121 liddhgeivq kyrkilpwcp iegwypgdtt yvtegpkglk islivcddgn ypeiwrdcam 
181 kgaelivrcq gymypskdqq vlmakamawa nncyvavana agfdgvysyf ghsaligfdg 
241 rtlgetgeee ygiqyaqlsi sairdarahd qsqnhlfkll hrgysgvhaa gdgdrgvadc 
301 pfefyklwvt daqqarerve aitrdtvgva dcrvgslpve qtlea 
Aliphatic amidase from Pseudomonas aeruginosa PAO1(Accession# 15598562) 
1   mrhgdisssn dtvgvavvny kmprlhtaae vldnarkiae mivgmkqglp gmdlvvfpey 
61  slqgimydpa emmetavaip geeteifsra crkanvwgvf sltgerheeh prkapyntlv 
121 lidnngeivq kyrkiipwcp iegwypggqt yvsegpkgmk isliicddgn ypeiwrdcam 
181 kgaelivrcq gymypakdqq vmmakamawa nncyvavana agfdgvysyf ghsaiigfdg 
241 rtlgecgeee mgiqyaqlsl sqirdarand qsqnhlfkil hrgysglqas gdgdrglaec 
301 pfefyrtwvt daekarenve rltrsttgva qcpvgrlpye glekea 
Aliphatic amidase from Helicobacter pylori J99 (Acession# 15611349) 
1   mrhgdisssp dtvgvavvny kmprlhtkne vlencrniak viggvkqglp gldliifpey 
61  sthgimydrq emfdtaasvp geetailaea ckknkvwgvf sltgekheqa kknpyntlil 
121 vndkgeivqk yrkilpwcpi ecwypgdkty vvdgpkglkv sliicddgny peiwrdcamr 
181 gaelivrcqg ymypakeqqi aivkamawan qcyvavanat gfdgvysyfg hssiigfdgh 
241 tlgecgeeen glqyaqlsvq qirdarkydq sqnqlfkllh rgysgvfasg dgdkgvaecp 
301 fefyktwvnd pkkaqenvek ftrpsvgvaa cpvgdlptk 
Aliphatic amidase (aimE) from Helicobacter pylori 26695 (Accession# 2313392) 
1   mrhgdisssp dtvgvavvny kmprlhtkne vlencrniak viggvkqglp gldliifpey 
61  sthgimydrq emfdtaasvp geetaifaea ckknkvwgvf sltgekheqa kknpyntlil 
121 vndkgeivqk yrkilpwcpi ecwypgdkty vvdgpkglkv sliicddgny peiwrdcamr 
181 gaelivrcqg ymypakeqqi aivkamawan qcyvavanat gfdgvysyfg hssiigfdgh 
241 tlgecgeeen glqyaqlsvq qirdarkydq sqnqlfkllh rgysgvfasg dgdkgvaecp 
301 fefyktwvnd pkkaqenvek itrpsvgvaa cpvgdlptk 
Aliphatic amidase from Pseudomonas aeruginosa (Accession# 150980) 
1   mrhgdisssn dtvgvavvny kmprlhtaae vldnarkiad mivgmkqglp gmdlvvfpey 
61  slqgimydpa emmetavaip geeteifsra crkanvwgvf sltgerheeh prkapyntlv 
121 lidnngeivq kyrkiipwcp iegwypggqt yvsegpkgmk isliicddpn ypeiwrdcam 
181 kgaelivrcq gymypakdqq vmmakamawa nncyvavana agfdgvysyf ghsaiigfdg 
241 rtlgecgeee mgiqyaqlsl sqirdarand qsqnhlfkil hrgysglqas gdgdrglaec 
301 pfefyrtwvt daekardnve rltrsttgva qcpvgrlpye glekea 
 
 
Figure 36. Alignment of mass spectrometry data sequence of aliphatic amidase from 
Rhodococcus sp. DAP 96253 with that of other organisms from the database. Green 
letters represent fraction sequence obtained from mass spectrometry data.   
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This indicates that the enzyme is a “hybrid” when amino acid sequence similarity is 

considered.   

Characterization of purified NHase: 

Purified NHase fractions were evaluated for their substrate specificity against 

both aliphatic and aromatic nitriles generally found in AN production wastewaters (tables 

18a and 18b).  The substrate specificity of the purified enzyme is similar to the catalyst 

from whole cells.  This enzyme shows good affinity for all the nitriles present in AN 

production wastewater.  The purified enzyme showed less specificity for aromatic nitriles 

compared to intracellular NHase (see Table 11b). 

The purified NHase was tested using the same inhibitors previously used on the 

cells containing NHase activity.  The results of the inhibition assay are summarized in 

table 16.  NHase from Rhodococcus sp. DAP 96253 was compared for the effect of the 

inhibitors with published data from other organisms and is shown in Table 17.  The 

comparison indicated that the NHase from DAP 96253 is affected similarly to the 

NHases reported by certain inhibitors, while shows higher susceptibility to reducing 

agents, such as β-mercaptoethanol and dithiothreitol.  This clearly establishes that the 

isolated NHase from Rhodococcus sp. DAP 96253 is a unique enzyme, similar to NHases 

from other organisms only to a certain extent.   
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Table 16. Effect of inhibitors on purified NHase 
 
Inhibitors used (all inhibitors were used at a concentration of 1000 ppm). 288 units of 
NHase were exposed to each inhibitor for 15 minutes, the substrate (AN) added and 
active NHase units retained was measured.  
 

 

 Inhibitor Concentration 
(mM) 

NHase units 
after 15 min 
exposure 

Percent 
NHase units 
retained 

1 Zinc chloride 7.35 63.9±0.25 22.2 
2 Magneseum chloride 4.92 22.3±0.16 7.74 
3 Ammonium persulfate 4.38 188.5±0.4 65.5 
4 EDTA 2.69 21±0.5 7.3 
5 Silver nitrate 5.89 17.2±0.15 6 
6 Hydrogen peroxide 29.41 21.2±0.05 7.4 
7 Mercaptoethanol 12.8 0±0 0 
8 Iodoacetamide 5.41 17.6±0.35 6.1 
9 DTT 6.49 0.6±0.02 0.2 
10 Sodium azide 15.38 18.3±0.2 6.4 
11 Ferrous sulfate 3.6 16±0.05 5.6 
12 Cupric sulfate 4.01 10.8±0.35 3.8 
13 Cobalt chloride 4.2 30.7±0.25 10.7 
14 EGTA 2.63 26.4±0.06 9.2 
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Table 17. Comaprison of effect of inhibitors on purified NHase from Rhodococci sp. 
DAP 96253 with published results on NHase from other micro-organisms (Percent of 
AN specific activity retained after 15 min exposure to each inhibitor at same 
concentration).  NR= Not Reported 
(Compiled from Nagasawa et al. 19873, 19911, Takashima et al. 19982, Pereira et al. 
19984) 
 
 
 
 

 Rhodococcus 
sp. DAP 
96253 

R. rhodochrous 
J1 (high mw)  1 

Bacillus 
smithii 2 
 

Pseudomonas 
chlororaphis 
B23 3 
 

Bacillus 
sp. RAPc8  
4 
 

ZnCl2 98 95-105 NR 90-100 NR 110 
MgCl2 85 95-105 NR 90-100 NR 116 

Ammonium 
Persulfate 

120 100 106 NR NR NR 

EDTA 150 97-100 101 97 91 100 
AgNO3 20 0 6.3 1 0 0 
H2O2 75 81 NR 0 0 NR 

Mercaptoethanol 0 97 97 NR NR NR 

Iodoacetamide 35 NR NR NR NR 0 
DTT 5 98 101 NR NR NR 

Sodium Azide 50 NR NR NR NR NR 

FeSO4 62 95-105 NR 71 116 112 
CuSO4 47 91 40 19 NR 0 
CoCl2 87 95-105 NR 90-100 NR 114 
EGTA 9.2 NR NR NR NR NR 
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Table 18a. Relative activity of purified NHase(s) against different aliphatic nitrilesa,b 
 
 

NHase from Rhodococcus sp. DAP 96253 
 

Substrate (1000ppm) 

Units % Activity 
Isobutyronitrile 26.85±0.05 9.3 
Isovaleronitrile 20.65±0.08 7.2 
DL-Lactonitrile 0±0 0 
Fumaronitrile 5.45±0.06 29 
Glycolonitrile 0.4±0.03 0.14 
Acetonitrile 203.55±0.25 70.7 
Acrylonitrile 288±0.3 100 
Adiponitrile 11.4±0.05 4 

 

 
 
Table 18b. Relative activity of purified NHase(s) against different aromatic 
nitrilesa,b 
 

 
NHase from Rhodococcus sp. DAP 96253 Substrate (1000ppm) 
Units/mg cell dry 

weight 
% Activity 

Benzonitrile 13.55±0.2 4.7 
Cinnamonitrile 17.5±0.15 6.1 

 
 
 
 
a All % activities compared to Rhodococcus sp. DAP 96253 against acrylonitrile 
 b All assays were performed using the same amount enzyme (288 Units), and all cells 
were grown up in the same induction medium (YEMEA with cobalt, urea and 
asparagine). 
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DISCUSSION 

An important practical consideration, in the use of an enzyme or a biological 

based catalyst, is the effective longevity over which the catalyst activity can be 

maintained.  For some applications, where catalyst cost is a serious consideration, 

enzyme longevity is critical.  For those applications that require extended enzyme life, 

the evaluation and testing of the stability of enzyme preparations and formulations can be 

quite lengthy.  The practical use of NHase based enzyme systems and particularly the use 

of NHase in the treatment of waste nitriles and cyanohydrins would benefit from NHase 

formulations which exhibited extended stability and activity.  In the current research, 

methods were developed and employed to improve the stability of NHase, resulting in 

biological catalysts with extended, practical activity.  In addition, methods were 

developed which greatly shortened the time period required to assess practical stability.   

Although microorganisms which utilize nitrile compounds have been described 

previously, these microorganisms have been shown to be limited in their ability to 

degrade nitriles and as such are inappropriate candidates to treat the mixed nitriles/amides 

present in many industrial wastestreams.  This is particularly true for AN production 

wastewater as the ability to degrade AN is the least common trait.  Processes reported so 

far for the treatment of AN production wastewaters also required mixed cultures, rather 

than a pure one making it difficult to maintain the right composition of organisms in the 

biodetoxification system.  This is due to changes in conditions as a result of ongoing 

biotransformation of the wastewater.  This change greatly influences the growth of 
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certain organisms over others and, over time the characteristics of the mixed culture 

change and can result in decrease of degradation.   

AN production wastewater on an average contains in excess of 300 ppm of 

hydrogen cyanide (HCN).  The AN degrading organisms reported in scientific literature 

are sensitive to presence of HCN and fail to detoxify the wastewater at such elevated –

CN concentrations.  Wyatt and Knowles (1995a) reported the biotransformation of AN 

production wastewaters by a mixed bacterial culture, but they first had to dilute (> 100 X) 

the waste for this degradation to occur.  This resulted in greater than a 100 fold increase 

in the volume handled by the treatment system and also enhanced the problem of disposal 

of huge quantity of wastewater.   

The lack of an efficient process for treatment of AN production wastewater 

necessitated the study into methods of detoxification of mixed nitrile and/or amide 

containing wastewater using pure cultures.  In the current research, pure cultures of two 

strains of Rhodococcus, DAP 96253 and DAP 96622 were utilized for the purpose of 

generating an efficient, efficacious, and economic biocatalyst for treatment of AN 

production wastewater.  These organisms have previously been shown to utilize nitriles 

as their nitrogen or carbon and nitrogen source (Pierce 1999, 2000).  Cells from these two 

organisms were induced for elevated NHase and AMDase production, and thereby 

increased nitrile and amide degradation/transformation ability.  The NHase and AMDase 

enzymes from these organisms were then stabilized to create stable and practical 

biocatalysts for treatment of AN production wastewater.  Implementation of this catalyst 

in the industry will result in disposal of treated AN production wastewater rather than the 

untreated; as is the current practice.   



100
 

Both strains of Rhodococcus, DAP 96253 and 96622 are short rods (see figure 3 and 4) 

and showed similar growth patterns (figure 5).  Both organisms are capable of producing 

an inducible aliphatic NHase (table 4 and 5).  When subjected to multiple induction (with 

cobalt, urea and either a mix of nitriles and amides, or with amino acids), the two strains 

significantly overproduce NHase to a level comprising 40% of the total soluble protein.  

When compared to other organisms reported for high NHase activity, as well as another 

Rhodococcus strain (R. erythropolis), these two Rhodococcus strains both showed 

superior degradation of nitrile and amide mixtures, a broader substrate diversity, and a 

much higher tolerance to cyanides.   

Inducible Co-NHase activity has been shown in the literature to be dependant 

upon the addition of nitriles, amides or their acids.  As these inducer chemicals are toxic 

(some quite highly toxic), the use of these inducers introduces significant risks in 

production of this NHase.  In the current study, production of NHase and AMDase during 

72 hours of growth in a liquid medium (represented in figure 6) decreased when in the 

absence of inducer(s) in the growth medium, even when the organisms were pre-induced 

and had a high NHase and AMDase activity at the time of inoculation.  This is rapidly 

recovered when the inducers (AC and AN) are introduced at 55 hours of growth.  This 

shows that induction during growth is necessary to yield biomass with consistent high 

NHase and AMDase activity.  The two Rhodococcus strains were shown to be capable of 

high levels of Co-NHase induction by the addition of asparagines and/or glutamine.  This 

is the first report of high-level Co-NHase induction with non-toxic compounds.  

Furthermore, the addition of asparagine and glutamine resulted in higher biomass.  While 

AC and AN can be potent inducers of NHase, these compounds can also inhibit growth.  
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The two DAP strains show higher levels of tolerance to AN and AC than other known 

NHase producing strains evaluated in the course of this study.  For example, 

Rhodococcus sp DAP 96253 and R. rhodochrous DAP 96622 are unaffected by the 

presence of AN or AMD (at or below 500 ppm) in the growth medium.  Pseudomonas 

chlororaphis (ATCC 43051) showed no visible growth in presence of AN and/or AMD at 

500 ppm each, but grew in presence of Asn in the medium (table 5).  Table 5 also 

illustrates that even when the organisms could grow on AN and/or AMD, the organisms 

tested showed higher growth when propagated in a medium containing Asn and/or Gln.   

With respect to the NHase producing strains evaluated, Rhodococcus sp DAP 

96253 and R. rhodochrous DAP 96622 showed consistently higher activity against all 

nitriles tested.  These two microorganisms also showed activity against selected aromatic 

nitriles suggesting the presence of more than one NHase.  Or that the NHase from these 

two microorganisms is active against both aliphatic and aromatic nitriles.  Interestingly, 

the NHase(s) from Brevibacterium ketoglutamicum showed highest affinity for 

adiponitrile.   

This research showed that, with proper induction the NHase activity of the two 

DAP strains can be significantly enhanced with respect to the ability to detoxify the 

components of concern present in AN production wastewater.   

In this study the practical active life of NHases from Rhodococcus sp. DAP 96253 

and R. rhodochrous DAP 96622 was stabilized using immobilization technology and 

through the use of stabilizers.  With improvements in retention of practical activity of the 

NHase formulations, the time required for evaluating and assessing the effect of a 

particular stabilizer increased proportionally.  The development of accelerated methods to 
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measure NHase stability significantly shortened the time needed to assess stability 

improvements.  This in turn shortened the time required to develop a practical catalyst.     

Immobilization enhanced AN specific NHase activity and immobilized cells show 

an improved NHase stability (see Figure 15).  When both immobilized and chemically 

stabilized (e.g. with isobutyric acid), NHase stability and practical activity was further 

enhanced.  Chemical stabilization prodided additional stability/practical activity benefits 

to Ca-alginate, hardened Ca-alginate and PAM immobilized catalysts, indicating that 

NHase formulations can benefit from simultaneous immobilization and chemical 

stabilization.   

The nitriles present in AN production wastewater proved to be far superior than 

carboxylic acids [isobutyric acid (Figure 16) and/or acrylic acid)] in the stabilization of 

AN specific NHase in the multiply induced Rhodococcus DAP strains.  Furthermore, Asn 

and/or Gln were better chemical stabilizers than either isobutyric acid or acrylic acid.  A 

“Model” waste consisting of the three major nitrile components present in AN production 

wastewater (AN, AC and SN) enhanced the stability of NHase and retention (20%) of 

activity could be recorded for over 260 hours (Figure 17 a and b) even when maintained 

at 50-55 C.  This was a >10 fold increase in stability of NHase activity (i.e. An specific 

Nhase activity in multiply induced Rhodococcus AP strains) compared to use of 

carboxylic acids as stabilizers.  The best stabilizing effects were achieved by using a 

synthetic nitrile mixture with total nitrile concentration of 4 g/L of catalyst formulation.  

When higher nitrile concentrations (either 8 g/L or 16 g/L) were used, the activity was 

retained for only 140 hours and the rate of loss of activity was much faster compared to 

either 4 g/L or 2 g/L of nitriles.   
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When the nitrile mixture used above was supplemented with AMS at 5% 

(generally present in AN production wastewaters at 4-8%) even greater stability was 

achieved for both DAP 96253 and DAP 96622 AN specific NHase activity.  DAP 96253 

retained 40% activity over 260 hours at 50-55 C, while DAP 96622 retained 34% activity 

for the same duration (Figure 18).  The chemicals present in actual AN production 

wastewater have great potential for stabilizing NHase from Rhodococcus DAP strain 

96253 and DAP 96622 which have been immobilized in Ca-alginate matrix.   

Of the NHases (Fe-type and Co-type) described in the literature, all have been 

reported to be sensitive to free cyanide.  As the AN production wastewater usually 

consists of in excess of 300 ppm free cyanide, none of these NHases represent a practical 

catalyst for treatment of such wastewater.  DAP 96253 or DAP 96622 derived 

immobilized catalysts was significantly resistant to the presence of cyanide in the 

environment, when in presence of nitrile mix as chemical stabilizers (Figure 19a and 

19b).   

Ca-alginate immobilization proved to be of great value for evaluating chemicals 

present in the wastewater for their ability to stabilize NHase and also to entrap the cells 

so that there was no loss of catalyst volume when the catalysts were used to degrade 

wastewater (model as well as actual wastewater).  This immobilization matrix was also 

very gentle on the cells, which remained viable throughout the immobilization process.  

When the catalyst beads were chemically dissolved (by incubating in phosphate buffer) 

about 40% recovery of live cells was achieved.  The practical drawback of the Ca-

alginate matrix is the lack of physical hardness and rigidity of the catalyst particles, 

making them unsuitable for scale-up.   
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Other more practical immobilization matrices were investigated.  Three practical 

immobilization matrices evaluated were:  

1. Ca-alginate cross linked with PEI,  

2. PAM and  

3. GA.   

PEI cross linked beads when maintained at 50-55 C, even without any additional 

chemical stabilizers maintained activity for a longer time compared to plain Ca-alginate 

beads.  At this temperature range, the Ca-alginate beads without additional stabilizers 

showed complete loss of activity in about 40 hours, while the PEI-cross linked beads still 

retained 40% activity at that time point and showed complete inactivation at 145 hours 

(Figure 21).  When additionally supplemented with the stabilizer package of nitrile 

mixture and AMS, PEI cross linked beads lost 40% of their initial activity over 40 hours 

and then maintained this activity over a long period of time and the rate of decline in 

activity was greatly reduced, which resulted in about 43% activity retained over 260 

hours of incubation at 50-55 C. 

Actual wastewater samples (obtained from Cytec Industries, Fortier, LA) from the 

two wastewater streams, net stripper bottoms (NSB) and waste water column bottoms 

(WWCB) were used separately or together (in various ratios) as chemical stabilizer in 

conjunction with PEI cross-linked Ca-alginate immobilization on multiply-induced cells 

of the two Rhodococcus DAP strains.  It was seen that a combination of NSB and 

WWCB (1:4) provided highest stability of NHase from both DAP strains (figure 20 a and 

b).  Notably, this is the ratio of the two streams in the actual wastewater.  After 270 hours 

at 50-55 C, the retention of AN specific NHase of PEI cross-linked Ca-alginate cells of 
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DAP DAP 96253 catalyst stabilized with: a) NSB or WWCB, or b) NSB:WWCB (1:1), 

or c) NSB:WWCB (1:4) was 20%, 25% and 50% respectively.  A similar but lower trend 

was observed for AN-specific NHase of DAP 96622. 

The need for additional chemicals, especially the toxic nitriles, for stabilization of 

NHase activity in both the Rhodococcus DAP strains, raises the same concerns the use of 

nitriles involved in induction of this enzyme does.  To solve the problems of toxicity, the 

non toxic inducers (amino acids) were evaluated for their ability to stabilize NHase.  The 

effects of simultaneous use of Asn and Gln (each 1 g/L) as stabilizer on both 96253 and 

96622 NHase as compared to that of simultaneous use of AC and AN (each 1 g/L) over 

110 days is summarized in Figure 22.  On one hand, it was observed that for both strains, 

use of the nitriles as stabilizer achieved better stability (20% better for 96253, 10% for 

96622), but the use of amino acids as stabilizer does offer stabilizing effects on NHase as 

compared to non-stabilized catalysts (see Figures 21 and 22).  The amino acids on the 

other hand have the added advantage of being safe in handling and use.  When 

considering both the stabilizing effects of and the safety in handling of the amino acids, 

they become stabilizer of choice over the toxic nitriles, similar to the case of inducers.  

This is the first known report of using amino acids for induction and stabilization of 

NHase activities in Rhodococcus sp. DAP 96253 and R. rhodochrous DAP 96622.    

With the ongoing search for a more practical immobilization matrix, PAM 

immobilization of cells of Rhodococcus sp. DAP 96253 and R. rhodochrous DAP 96622 

were carried out.  The PAM immobilized catalyst showed significant increase in stability 

of AN specific NHase over both Ca-alginate and PEI cross linked Ca-alginate 

immobilized catalysts.  When maintained at 30 C, for 96253 NHase, PAM 
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immobilization alone (without any additional stabilizer) achieved considerable stability 

and complete loss of activity occurred in 216 days (Figure 23a).  This enhancement of 

stability is thought to be due to the presence of residual AMD monomer in PAM 

formulations.  When additional stabilizers were used an enhancement in retention of 

activity was observed.  There was 15% residual activity when Asn was used, 35% when 

AN was used and 45% when nitrile mixture (AN, AC and SN) was used as stabilizer over 

580 days.   

DAP 96622 derived, PAM immobilized NHase catalyst formulations showed 

even better retention of AN specific NHase activity without any added stabilizers, when 

compared to that of DAP 96253, and retained detectable activity for 368 days at 30 C 

(Figure 23b).  When the same chemicals stabilizers (as that used on DAP 96253) were 

used, DAP 96622 derived NHase showed better retention of AN specific activity 

compared to the non stabilized formulation, though percent activity retained was less 

compared to that by DAP 96253 derived NHase.   

GA immobilization resulted in a 20% decline in the initial AN specific NHase 

activity of the catalyst.  GA immobilization resulted in loss of cell viability.  Despite the 

20% reduction in activity, GA immobilization resulted in the greatest stability achieved 

of NHase in either DAP 96253 or DAP 96622 (Figure 24 a and b).  For DAP 96253, even 

without the use of any additional chemical stabilizer, greater than 62% AN specific 

NHase activity was retained over 580 days of incubation at 30 C (Figure 24a). When the 

GA immobilization process was supplemented with DEAE cellulose fibers to enhance 

catalyst volume, a similar level of activity retention was observed, (with 43.8% AN 

specific NHase activity maintained).  This reduction in percent activity retained at 580 
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hours is explained by the lower number of cells required to make up comparable catalyst 

(with DEAE cellulose fibers incorporated) volume that was tested (all data is based on 

AN specific activity of 1 ml catalyst volume).   

As seen in Figure 24b, DAP 96622 derived NHase retained a significant 68% 

activity (initial activity being 80% of Ca-alginate immobilized catalyst) in the GA 

immobilized catalyst formulations; and 56% activity was retained for the GA catalyst 

formulations supplemented with DEAE cellulose.  This was due to fewer quantity of 

NHase being present per unit volume of the catalyst incorporating DEAE cellulose fibers 

as compared to the plain GA immobilized particle. When the activities were calculated on 

cell weight basis and compared for GA immobilized catalysts with and without DEAE 

cellulose added, both the catalysts showed similar retention of activity.  

Figures 25, 26 (a and b) and 27 (a and b) show when various immobilization techniques 

were compared for their effect on NHase stability, GA (both with and without use of 

DEAE cellulose) proved to be the best option, followed by PAM immobilization and PEI 

cross linked Ca-alginate.  Ca-alginate, PEI cross linked Ca-alginate and PAM 

immobilization were ideal for evaluation of various chemicals stabilizers, but due to the 

lack of physical rigidity these catalyst formulations are unsuitable for scale up 

implementation for wastewater treatment.  GA catalyst formulations (both with and 

without DEAE cellulose) on the other hand had the rigidity required for use in the 

wasterwater treatment process thus making GA immobilization the immobilization 

technique of choice for making a practical catalyst.  When chemical stabilizers used were 

compared, taking into consideration toxicity issues and stability achieved for a particular 

catalyst composition, use of amino acids are preferred over traditional nitriles.   
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As seen from Figure 28, AN specific NHases from both DAP 96253 and DAP 

96622 had slightly acidic pH optimas (6.5 for DAP 96253 and 6.85 for DAP 96622).  

Best retention of activity was achieved when maintained at between pH 6.5 through pH 

7.0 for DAP 96253 AN specific NHase (Figure 29a) and pH 6.0 through pH 7.0 for DAP 

96622 AN specific NHase (Figure 29b).  Even though DAP 96622 derived NHase 

showed lower retention of AN specific activity, the range of pH conditions it can be 

maintained at is broader than NHase derived from DAP 96352.   

In all catalyst formulations evaluated, DAP 96253 derived NHase thus showed a 

better thermal and pH stability (when maintained at selected pH conditions) compared to 

that from DAP 96622.  For all three rhodococci evaluated, the level of AMDase produced 

was much lower than that of NHase produced.  This initially suggested that additional 

sources of AMDases may be required for a AN production wastewater biodetoxification 

catalyst  to achieve rapid and complete detoxification of the nitriles and amides present to 

their respective non-toxic acid salts.  When AMDase stability in the various catalyst 

formulations tested was evaluated, it was seen that the AMDase from both DAP 96253 

and DAP 96622, are considerably more stable over long periods compared to NHase, and 

this stability was seen both in presence and absence of stabilizers used to achieve NHase 

stability.  While the initial levels of Rhodococcus DAP strains was significantly less than 

the amount of NHase produced, the inherent stability of the amidase indicated that over 

time, this level of AMDase was sufficient to ensure the complete conversion of Nhase 

generated amides to their respective acids.   

When the effects of traditional NHase inhibitors were evaluated, it was observed 

that immobilization resulted in a mitigation of the effects of certain inhibitors as 
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compared to the whole cells.  When compared to the reported effect of the inhibitors on 

NHases from other organisms, purified NHase from DAP 96253 showed higher 

sensitivity to certain inhibitors, while remaining almost unaffected by others (Table 17).  

R. rhodochrous J1 and Bacillus smithii NHase showed a level of insensitivity to 2-

mercapethanol and DTT, which was not seen with the NHase from Rhodococcus sp. DAP 

96253.  Rhodococcus sp. DAP 96253 derived NHase on the other hand showed 

significant tolerance to silver nitrate, which was not seen with R. rhodochrous J1, B. 

smithii, P. chlororaphis, or Bacillus sp. RAPc8.  This suggested that the AN specific 

NHase from these organisms may be different.  The amino acid sequences of α and β 

NHase subunits obtained from mass spectrometry studies on DAP 96253 NHase were 

compared to those of three known NHase sequences: 1) R. rhodochrous, 2) Nocardia sp 

JBRs, and 3) an uncultured bacterium.  Based on the amino acid sequences of the 

fractions generated by MS studies, the α subunit of NHase from DAP 96253 had highest 

homology with that of the R. rhodochrous, whereas the β subunit from the DAP 96253 

derived NHase showed highest homology to the β subunit of H-NHase of Nocardia sp. 

JBRs.  This further suggests that the Co-NHase derived from Rhodococcus sp. DAP 

96253 was somewhat different from and potentially uniquely different from both these 

organisms.   

The purified NHase was evaluated for its substrate range and showed similar 

preferences to the aliphatic nitriles as induced cells (Table 18a).  The purified enzyme 

also showed activity for aromatic nitriles (Table 18b) indicating that the aliphatic NHase 

produced by the cells of DAP 96253 possessed the ability to also hydrolyze aromatic 

nitriles.  The decrease in activity against aromatic nitriles by the purified NHase 
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compared to the intracellular (Table 11b) may be explained by possible production of 

more than one NHases by cells of DAP 96253.  These NHases could not be isolated 

during the purification process as they may not have been induced and produced in high 

quantities.  

When the amino acid sequence information of the aliphatic AMDase purified was 

compared to the known AMDase sequences from the database, the highest homology was 

found to be with AMDase from R. rhodochrous, followed by that from Nocardia 

farcinica IFM 10152 and P. aeruginosa PAO1.   

The goal of the current research was to develop a NHase based biocatalyst for the 

treatment of wastewater generated in the AN production industry.  The methodologies 

developed in the current study permitted a higher number of stabilization experiments to 

be run in a shorter time period and also allowed more replicates to be run during this 

period.  Evaluation of Rhodococcus sp. DAP 96253 and R. rhodochrous DAP 96622 in 

the present study showed beyond doubt that the production of NHase can be induced in 

these organisms.  Also significant stability of NHase activity in both of the organisms 

could be attained by simultaneous immobilization and chemical stabilization.  The 

AMDase produced by these organisms showed significant stability when immobilized 

even without the aid of any additional stabilizers.  This qualified the catalyst formulations 

generated using the organisms Rhodococcus sp. DAP 96253 and R. rhodochrous DAP 

96622 as practical biocatalysts for the treatment of nitrile containing wastewater.   

Future studies should be concentrated on implementing the catalysts generated in 

this study on treating actual waste in a scaled-up pilot facility and determining the 

parameters of ideal operation.  Since the NHases from both the Rhodococcus DAP strains 
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showed ability to transform aromatic nitriles, the potential as a biocatalyst of these two 

NHases should be investigated for treating wastewater containing a mixture of not only 

aliphatic nitriles but aromatic nitriles as well.  Studies should also be carried out to 

inducing higher AMDase production by these organisms.   
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